Simultaneous far field pressure/in-flow velocity fluctuations were measured in a turbulent jet flow at low Ma number. Measurements were conducted using 2 component Laser Doppler Velocimetry technique and standard microphones. The velocity signals, acquired in several positions within the flow field, were conditioned on the far field pressure peaks and signatures of ensemble averaged noise emitting events were retrieved. The results reported here definitely confirm previous outcomes obtained on the same apparatus showing that intermittent structures generated within the turbulent region of the jet, i.e. around 10 diameters downstream the jet exit, give a relevant contribution to the overall far field noise.
INTRODUCTION
This work shows progress in a research activity aimed at clarifying aeroacoustic effects of turbulent structures generated in low Mach number (Ma) cold jets. The motivation of this research is the importance that the jet flow has on the overall noise of aero-engines especially during take-off and landing, that is at subsonic exhaust velocities. As pointed out by Tam [1] , turbulent structures are responsible of relevant jet noise generation mechanisms, their important role having been recognized since the introduction of the acoustic analogy [2] , which is the first theoretical model applied to the prediction of jet noise. In the approach shown herein, attention is focalized towards the so-called intermittent structures generated in the turbulent region of the jet flow. Recent experiments ( [3] , [4] ) have shown that at high Reynolds numbers (Re), coherent structures developed in the turbulent region, are large-scale vortices characterized by a high rate of energy and vorticity. Such structures are believed to be generated by shear layer destabilization mechanisms and have a ring-like shape. However, the lifetime of these structures, being intrinsically unstable far from the nozzle exit, is very short (see also [5] ). Furthermore, they are characterized by temporal and spatial velocity gradient statistics, which are strongly non-Gaussian due to their intermittent nature. As explained in [6] and [7] , acoustic radiations are directly related to temporal vorticity variations. Therefore, those so-called intermittent structures might be efficient acoustic sources and their effectiveness is presently explored by proper simultaneous velocity/pressure measurements.
This work is a completion of a previous study conducted by Guj et al . [8] . In that paper, the authors discussed a method for extracting averaged velocity signature of fluid dynamic events responsible for far field acoustic emissions. The technique was based on ensemble averages of velocity inflow data conditioned on the far field pressure peaks, measured by microphones. The method was successfully applied to the case of a turbulent low Ma free circular jet installed in an anechoic chamber. One velocity component along the jet axis was measured using a single probe hot wire anemometer. It was shown that a relevant contribution to the far field noise derives from the vortical structures located in a region surprisingly far from the jet exit, i.e. at about 10 diameters downstream the jet orifice. These results were in agreement with those found in [9] at supersonic Mach numbers but their robustness was limited by the technique adopted to carry out the measurements, based on the insertion of a single wire hot-wire probe within the flow. It is known that an obstacle within a moving flow, like the hot wire probe in that experiment, emits noise as a dipole source. This might significantly disturb the acoustic emissions which instead are of quadrupole type within the turbulent field [2] . Furthermore, the measurement of a single velocity component did not permit to infer any conclusion about the topological nature of the emitting noise intermittent structures. This shortcoming seriously limits the possibilities for a flow control action aimed at the noise abatement.
From the physical point of view, the conditional averaging technique gives the possibility to detect, statistically, the position where noise has been radiated. According to [8] , we will call ∆t the total time delay, obtained as the difference between the time instant characterizing the averaged velocity time signature and the reference time, corresponding to the peaks in the far field pressure. Taking into account the local convection velocity and the velocity of sound c (the pressure perturbations propagation velocity), it is possible to determine the spatial location of the noise emitting events. As an example, assuming for simplicity c → ∞, three cases are possible: ∆t = 0 for a noise emission at the same position as the in-flow velocity measurement volume, ∆t < 0 for a noise emission downstream and ∆t > 0 for a noise emission upstream (see [8] for more details). Therefore, it is possible to statistically calculate the spatial location of the events generating the far field pressure peaks by measuring ∆t. Furthermore, by changing the position at which the measurement of the velocity is performed, it is possible to verify the correctness of the localization of the noise emitting region by checking the related variation of the measured ∆t.
In this work, the experiment of [8] is repeated in the same jet facility but using different measurement techniques, in order to substantiate and confirm the robustness of the physical results previously obtained. A first novelty introduced in the analysis shown here, consists in the adoption of an optical technique to measure the velocity, in order to avoid any aerodynamic and acoustic insertion errors. In fact, the non-intrusive Laser Doppler Velocimetry (LDV) method, which avoids any acoustic contamination as well as aerodynamic disturbances, is adopted. Secondly, two velocity components are measured simultaneously allowing for a more reliable topological interpretations about the nature of the fluid dynamic events generating noise. Besides, the experimental method adopted, providing the simultaneous measurement of two velocity components from the LDV system and one pressure signal from a microphone, represents a novel technique of great technical complexity that, as far as we know, has never been applied before to study turbulence aeroacoustics. Indeed, the acquisition system adopted here was designed to manage simultaneously the analogical signal (pressure), coming from an out-of-flow microphone used as a trigger, and two digital unevenly sampled signals (velocities) acquired by the LDV system.
More details are given in the following section where both the experimental set-up and the measurement technique are described. The aerodynamic characterization of the jet flow is briefly shown in this section as well. Results and discussions are given in Sec. 3 whereas final remarks and conclusions are provided in Sec. 4.
EXPERIMENTAL SET UP AND FLOW CONDITIONS 2.1. Measurement techniques
The jet facility is composed of a 2.56 mm exit diameter circular nozzle connected to a honeycombed channel and a series of screens for turbulence control. The jet issues vertically in a large room in order to avoid disturbances or recirculations over the jet flow (the ceiling is at about 15 m of height), as suggested in [10] .
The Two in-flow velocity components, parallel and perpendicular with respect to the jet mean flow, were measured by the LDV technique. The 2 components LDV system was made of a 5W Argon laser source provided with a 40 MHz Bragg Cell and connected to two TSI IFA 655 signal processors. The LDV has been operating in differential mode and the receiving optics were disposed in back-scatter configuration. The flow was seeded with olive oil particles (about 1 µm average diameter) generated by an air flow Laskin nozzle generator. The data rate of the velocity signals was of the order of 20 ksamples/sec. The LDA probe was mounted on a 3D traversing system driven by a stepping motor which was used both for the preliminary qualification of the jet flow and for the pressure/velocity measurements.
To the extent of the measurement techniques adopted, non trivial technical problems correlated to the simultaneous measurement of pressure and velocity had to be overcome. Indeed, the pressure time series were provided as analogical signals coming from the microphone, and had to be acquired simultaneously with the two velocity signals, unevenly sampled (as provided by the LDA system). To overcome this problem, both the pressure and the velocity signals were acquired using a 4 channels TSI DL100 Data Link device. The pressure analogical signal were triggered upon validated samples, provided by the LDV system. In this way, simultaneous pressure and velocity signals have been stored, both unevenly sampled at the same time. Then, all the randomly acquired velocity and pressure signals were processed in order to obtain equispaced set of data [11] . This was performed by using linear interpolation and adopting a slotting technique for signal resampling [12] . Due to the low signal to noise ratio, the simultaneous measurement of the pressure and velocity field was performed setting a sampling time of 120 sec. This permitted us to collect a large number of samples (about 3 × 10 6 per channel) and then to improve the convergence of the statistical analysis.
Aerodynamic characterization of the jet flow
Careful measurements were carried out to characterize aerodynamically the jet flow. Relevant results obtained by extensive hot wire measurements had been presented in [8] . Here, we limit ourselves to present explanatory results obtained by the LDA technique to complete the flow qualification.
The LDA aerodynamic characterization of the jet flow was conducted at Reynolds numbers Re = = 53000 and 89000, where U 0 is the axial velocity at the axis of the jet exit section, D is the jet diameter and ν the cinematic viscosity of air. Those flow conditions are the same adopted in the successive aeroacoustic measurement campaign.
In both cases the Mach number is lower than 0.15 therefore the flow is always incompressible. Several measurements on longitudinal and transverse planes were performed so that the advantage of the automatic probe positioning, provided by the computer programmable 3D traversing system, was taken. The measurement grids are reported in Fig. 1 together with the frame of reference adopted henceforth. The aerodynamic characterization of the jet flow was performed by means of setting a sampling time of 25 sec and acquiring about 300000 samples in each point. Examples of flow validation results are reported in Fig. 2 , where both axial and radial velocity profiles, near the jet exit, are shown. In Fig. 3 , normalized axial velocity profiles along the radial coordinate are reported, showing a good collapse despite the distance from the jet exit is not large enough to ensure actual self-similarity [13] .
From the analysis of the axial evolution of higher order statistical velocity moments, it has been possible to determine the location of the end of the potential core that, according to classical results [15] , is close to 5 diameters. As an example, the overall representation of the streamwise relative turbulence level u′/U 0 is reported in Fig. 4 , showing a behavior very similar to the one observed in recent experiments [14] .
The axial and radial velocity spectra, evaluated at x/D = 10 for the largest Re, are presented in Fig. 5 . It is shown that at this stage of the jet flow evolution, the preferred modes associated to the destabilization mechanisms of the jet flow, are no longer visible and that local isotropy is attained at small scales. While the turbulent flow loses memory of the instabilities at the early stages of evolution, the energy at small frequencies is strongly affected by vortical structures and, consequently it shows a clear anisotropic behavior. This picture is of interest in view of the results that are going to be presented in the next section.
RESULTS AND DISCUSSION
The out-of-flow pressure peaks conditioning procedure is applied to both the axial and the radial velocity components. The in-flow LDA measurement positions, corresponding to simultaneous velocity and pressure measurements, are reported in Fig. 6 . Grid points adopted in the preliminary measurement campaign aimed at the jet flow aerodynamic qualification. This measurement grid was used for the two Reynolds numbers 53000 and 89000. The out-of-flow microphone was located at y/D = 10 and x/D = 7 and its axis was oriented perpendicular to the jet axis. Due to seeding problems, the acquisitions carried out far from the jet axis will not be considered in the following. Examples of averaged signatures, obtained at Re = 53000 for the longitudinal velocity and at 4 locations along the jet axis, are reported in Fig. 7 . The time delay ∆t can be conventionally calculated from the instant corresponding to the velocity maximum. Indeed, the time t = 0 corresponds to the pressure peak timing. It can be clearly observed that ∆t varies for different LDA measurement volume locations and it is close to zero around x/D Ӎ 10. Similar results were obtained at Re = 89000 and are not reported for brevity. A plot summarizing the overall results is given in Fig. 8 . It is evident that non-zero averaged structures were observed in all cases and that their time delay changed as the distance from the jet exit increased. Such a behavior is shown in Fig. 9 , where the normalized position of the LDA measurement volume is reported as a function of the time delay of the corresponding averaged longitudinal structures. Even though for both Re considered here the Mach number is very low, the time delay is computed taking into account the retarded time, due to the pressure perturbation propagation at the velocity The second order polynomial fits, reported in the figure, stress that the time delay magnitude is a quadratic function of the distance from the jet exit. This is, indeed, an expected result because the non-linear relationship between the time delay and the space, reveals a nonconstant convection velocity of the educed structures. In fact, moving far from the jet exit, the mean velocity and, accordingly, the flow structures convection velocity, decay as [16] :
(1)
By means of integrating this equation, the time delay functional dependence upon the space has to be proportional to x 2 . This suggests that, in terms of spatial distance from the jet exit, the location of the averaged signatures should be approximately constant. Indeed, in account of the axial mean velocity evolution, it is possible to transform the time delay of Fig. 9 into the spatial distance from the jet exit. The result is shown in Fig. 10 This represents the most probable region of the jet flow where fluid dynamic structures or events emit noise. The analysis of the conditioned longitudinal velocity signatures and the determination of their time delay evolution clarifies the location of the noise emitting events. However, a clear picture of their topological nature is not yet addressed. The velocity signatures reported are indeed similar to those obtained in [8] and can be interpreted as velocity induced on the axis of the jet by ring-like structures being generated within the shear layer. This is confirmed by the analysis of the radial velocity component that does not show any non-zero signature. An example is reported in Fig. 11 , where the averaged radial velocity is calculated at x/D = 12 and Re = 53000. The close-to-zero averaged radial velocity signature confirms that the events generating the far field pressure peaks are axisymmetric structures and the axisymmetry of the pressure-conditioned structures is maintained along the jet axis. This was confirmed by the overall evolution of the radial velocity averaged structures which is not reported for clarity. Ring-like vortices, being the typical axisymmetric structures generated in a jet flow, are therefore strongly suspected to be responsible of the observed pressure conditioned behaviors. Off-axis measurements also help in interpret the averaged events from a physical point of view. Examples are reported in Fig. 12 , where the averaged axial velocity signatures obtained at x/D = 10 and close to the lip line of the jet, are reported for Re = 53000 and Re = 89000. Analogous results, obtained on the radial velocity components, are reported in Fig. 13 . The velocity measurement positions are close to the lip line but are within the jet flow. A lack of symmetry is observed in the off-axis axial velocity, which seems to be characterized by a negative bump, while the radial velocity exhibits a significant positive peak. This behavior can be interpreted through the ring-like vortices model of the jet flow proposed by Lau & Fischer [3] . These authors suggest that secondary effects due to vortex interactions are significant and have to be taken into account. Specifically, according to a velocity/velocity conditioning procedure, conducted close to the jet exit, Lau & Fischer show that a sequence of two ring vortices induces a suction effect from the jet axis towards the jet lip line. This induces the off-axis axial velocity to decrease because of the off-axis momentum migration (see e.g. Fig. 7a of [3] ). Conversely, due to the position of the velocity measurement volume, which is close to the jet lip line, this effect leads to a significant increase of the radial velocity.
CONCLUSIONS
Acoustic emissions due to turbulent structures generated in a low Mach number cold jet flow have been investigated. Two velocity in-flow components were measured by the Laser Doppler Anemometry technique. At the same time, out-of-flow pressure fluctuations were measured by means of a microphone and by utilizing a proper acquisition device and a post-processing method for data resampling. Then a conditional averaging technique, using the far field pressure as a trigger for the in-flow velocity components, was applied. According to [8] , the resulting averaged streamwise velocity components show non-zero signatures, revealing that the (most probable) effect induced by fluid dynamic events is responsible for the out-of-flow pressure peaks.
The phase delay, between the averaged velocity signatures and the far-field pressure triggering events, reveals that most of the far-field pressure peaks are generated in a region far from the nozzle exit, at about 10 jet diameters downstream.
The cusp-like behavior of the averaged axial velocity and the close to zero average of the radial velocity component suggest that the structures responsible for the far field pressure peaks are axysymmetric and identifiable, probably, as ring-like vortices. Indeed the phenomenological model given by [3] and based on sequences of ring vortices, was proposed to explain the physical nature of the presently educed events. Such an interpretation is supported by the off-axis velocity measurements.
The results presented here confirm and substantiate previous findings obtained in [8] on the same jet apparatus. It can be indeed concluded that the turbulent region of the jet gives a relevant contribution to the far field noise, which makes even more challenging the jet noise reduction issue. Further studies are however still needed to clarify physical aspects. For instance, simultaneous pressure and field measurements or accurate flow visualizations are needed to address a definite physical interpretation of the fluid dynamic events responsible for the averaged axial and radial velocity signatures. Moreover, further analyses are necessary to determine which is the contribution of the structures in the turbulent region of the jet to the overall Sound Pressure Level measured in the far-field. These analyses, because of the relevant technical limitations, have not yet been carried out and, therefore, they are still a task for future investigations.
